Notch receptors control differentiation and contribute to pathologic states such as cancer by interacting directly with a transcription factor called CSL (for CBF-1/Suppressor of Hairless/Lag-1) to induce expression of target genes. A number of Notch-regulated targets, including genes of the hairy/enhancer-of-split family in organisms ranging from Drosophila to humans, are characterized by paired CSL-binding sites in a characteristic head-to-head arrangement. Using a combination of structural and molecular approaches, we establish here that cooperative formation of dimeric Notch transcription complexes on promoters with paired sites is required to activate transcription. Our findings identify a mechanistic step that can account for the exquisite sensitivity of Notch target genes to variation in signal strength and developmental context, enable new strategies for sensitive and reliable identification of Notch target genes, and lay the groundwork for the development of Notch pathway inhibitors that are active on target genes containing paired sites.
N
otch proteins constitute the receptors of essential signaling pathways that influence a broad range of cell fate decisions in metazoan organisms (1, 2) . Notch signals are used iteratively at different decision points and have functional outcomes that depend heavily on gene dose and context. Both deficiencies and abnormal increases of Notch signaling are associated with human developmental abnormalities and cancer, emphasizing the importance of precisely regulating Notch signal strength (3) (4) (5) (6) (7) (8) (9) .
The intracellular portion of the Notch receptor (ICN) is the primary effector of canonical Notch signaling. ICN is proteolytically released from the membrane upon ligand stimulation, translocates to the nucleus, and induces transcription of target genes by driving the assembly a Notch transcriptional activation complex (NTC) that includes a DNA-bound transcription factor CBF-1/Suppressor of Hairless/Lag-1 (CSL) (10) and a coactivator protein of the Mastermind-like (MAML) family (11, 12) . Structures of NTC cores, now solved for both human Notch1 and Caenorhabditis elegans LIN12, reveal that the Notch ankyrinrepeat (ANK) domain and a Rel-homology region (RHR) within CSL combine to create a groove that binds the N-terminal part of MAML-1 as a kinked, 70-Å helix (13, 14) . The CSL/ICN/ MAML ternary complex then recruits additional factors through the C-terminal portion of MAML, such as p300/CBP, PCAF/ GCN5, and the CDK8/mediator complex (15) (16) (17) (18) , that drive the transcription of target genes.
A key unresolved question in Notch signaling is to determine the factors that govern target gene activation in different developmental, physiologic, and pathophysiologic contexts. One clue is found in the promoter regions of a number of well characterized Notch-responsive genes (19) , such as the hairy/enhancerof-split genes in Drosophila and a number of their mammalian homologues, which contain dual ''sequence-paired'' binding sites (SPSs) (20, 21) . SPSs consist of two CSL-binding sites oriented head-to-head that typically are separated by 16 or 17 nt, depending on the species examined [supporting information (SI) Fig. 6 ]. Both the directionality and the spacing between the paired sites influence Notch-dependent transcription in cellbased assays and transgenic flies, suggesting that the SPS is a specialized response element that modulates or tunes the response of target genes to varying doses of activated Notch (22, 23) . Accordingly, the promoter of the HES-1 gene, which contains an SPS, responds to lower doses of ICN than does the HES-5 promoter, which lacks an SPS (23) .
The evolutionary conservation of paired CSL recognition sites suggests that cooperative assembly of higher-order Notch complexes might have a role in regulating transcription of certain key Notch target genes. Yet, a molecular model for assembly of higher-order complexes has remained elusive. CSL does not dimerize on cognate DNA sites (22, 24, 25) , and previous studies have failed to detect any evidence of cooperativity in the loading of intracellular Notch-derived polypeptides onto CSL/DNA complexes at SPSs (23) .
We now find that assembled NTCs cooperatively dimerize on SPSs. Dimerization requires both CSL and MAML, depends on conserved residues from the convex face of the Notch ANK domain and is a general feature of the four mammalian Notch receptors. Dimerization-defective forms of ICN1 have a diminished capacity to activate promoter elements containing SPS sites and interfere with transcriptional induction by normal ICN1. These findings suggest that site cooperativity serves as a regulatory switch that controls the transcription of certain Notch target genes containing SPS elements and provide a model for context-and dose-dependent variation in the sensitivity of different Notch-responsive genes to Notch signals.
promoter, contain contacts between the convex surfaces of ANK domains from adjacent unit cells that also are seen in crystals of the ANK domain solved in isolation in several different crystallization conditions (13, 26) . These contacts lie near a twofold symmetry axis in the crystals, such that the interacting complexes are positioned head-to-head at a distance roughly equal to that needed to occupy both recognition elements of an SPS (Fig. 1A) . Primary sequence alignment of Notch ANK domains from different homologs shows that the key contacts are evolutionarily conserved (Fig. 1B) . These conserved residues are not engaged in contacts within an individual MAML1/ANK/CSL/DNA complex, suggesting that the observed conservation reflects functional importance in mediating dimerization at SPS sites. The conservation among the four mammalian Notch receptors also predicts that each receptor should be capable of making interactions like those between the adjacent Notch1 complexes illustrated here (Fig. 1) .
The ANK-ANK contacts primarily are electrostatic and lie in the second and third ankyrin repeats. Key interactions consist of contacts between the guanidino group of Arg-1985 and at least three backbone carbonyl oxygen atoms, as well as interactions between Glu-1950 and Lys-1946 (Fig. 1C) . Arg-1983 also forms hydrogen bonds with Ser-1952 and a backbone carbonyl. In addition to homotypic interactions between the ANK domains, unmodeled electron density in the MAML-1/ANK/CSL/DNA complex (13) also suggests the existence of interactions between the ANK domain of one complex and the N-terminal end of MAML-1 in the second complex (SI Fig. 7) . Based on the architecture of the complex, and the evolutionary conservation of SPSs and the crystal contact residues, we postulated that the ANK domains of Notch receptors mediate dimerization of ternary complexes on SPSs found in Notch target gene promoters.
ANK-ANK Interactions Drive Dimerization of NTCs.
To test whether residues engaged in ANK-ANK contacts in the crystal contribute to transcriptional activation of SPS-bearing promoters, we compared the ability of different forms of ICN to induce transcription of a luciferase gene under control of the HES-1 promoter, which has a functionally important SPS element (22, 23) . In contrast to normal ICN1, mutations that disrupt the predicted dimerization interface either abrogate (R1985A) or diminish (K1946E and E1950K) the ability of ICN1 to induce expression of the HES-1 reporter gene ( Fig. 2A) . Combining the K1946E and E1950K mutations in cis, however, rescues the defect in transcriptional activation, indicating that the putative dimerization interface is functionally important in regulating transcriptional activity at a promoter that contains an SPS. In addition, when coexpressed with ICN1, the R1985A mutation dominantly interferes with activation of the HES-1 promoter element by normal ICN1 (Fig. 2B) . Importantly, when these mutants are scored on an artificial reporter that contains four CSL-binding sites oriented in the same direction and in tandem, there is no change in the ability of the mutants to activate transcription (SI Fig. 8 ). Moreover, in cotransfected cells, all ICN1 polypeptides with mutations that disrupt the predicted dimerization interface are expressed at similar levels to normal ICN1, and they coimmunoprecipitate in similar amounts with CSL and MAML-1 (Fig. 2C) . Together, these findings indicate that the ability to form monomeric ternary complexes with MAML-1 and CSL is not affected by these mutations.
To establish directly whether NTCs (consisting of one molecule each of MAML-1, ICN, and CSL) can cooperatively dimerize on DNA, we carried out electrophoretic mobility shift assays (EMSAs) on an oligonucleotide probe containing the HES-1 promoter SPS (Fig. 3A) . Without Notch or MAML-1, CSL binds to each of the two sites independently. When present in excess, most probes bind a single CSL molecule (Fig. 3A) , a finding consistent with previous studies showing that CSL binds its recognition element as a monomer without detectable cooperativity at paired sites (23) (24) (25) . Adding RAMANK from Notch1 does not change the stoichiometric distribution of complexes bound per probe molecule. However, when MAML-1 is added, the stoichiometric distribution of the complexes changes dramatically: all of the probe is either free or bound by NTC dimers, indicating that NTC loading at one site leads to cooperative loading of the second site. As predicted, cooperative loading is abrogated by the R1985A mutation, which instead produces a smear corresponding to an ensemble of species that likely results from a weak residual tendency to self-associate. In contrast, the R1985A mutation does not detectably affect ternary complex formation on a probe containing only a single CSL-binding site (Fig. 3A Right) , indicating that the R1985A mutation is a cooperativity mutant that specifically interferes with dimerization. The partial loss of activity of the K1946E and E1950K mutants in the HES-1 reporter assays is echoed in EMSA titrations, where the proteins undergo a cooperative transition to form dimers at a concentration Ϸ4-fold greater than normal ICN1 or the K1946E/E1950K double mutant (SI Fig. 9 ).
Proper Spacing and Orientation of CSL-Binding Sites Are Necessary for
Cooperative Dimerization. To test whether higher-order complexes exhibit specificity for the SPS architecture, we carried out additional EMSA assays on variant DNA sequences that eliminate the integrity of one of the SPS sites, flip the site orientation, In A, U2OS cells were cotransfected with the indicated pcDNA3 plasmids (1 ng per well), whereas in B, the cells were transfected with 10 ng of normal ICN1 plasmid and/or 100 ng of ICN1 R1985A plasmid. In both A and B, fold stimulation is expressed relative to the activity of the empty vector control, which is arbitrarily given a value of 1. All data points were obtained in triplicate; error bars correspond to standard deviations. (C) ICN1 polypeptides bearing dimerization mutations form stable complexes with CSL and MAML-1. 293 cells were cotransfected with plasmids encoding the indicated forms of ICN1, MAML-1 fused to GFP, and Myc-tagged CSL. Complexes were recovered from whole-cell lysates with an anti-Myc antibody and blotted for the presence of GFP-MAML-1, ICN1, and CSL-Myc as indicated. or alter the spacing between the sites by a half-turn of helix (Fig.  3B) . When either site A or site B is mutated so that it no longer corresponds to a CSL consensus site (YGTGDGAA) (27) , cooperative assembly of the dimer is no longer observed (Fig.  3C , mutA and mutB). Moreover, cooperative dimerization is no longer detected when the second site is inverted (Fig. 3C, invB) , and it is dramatically diminished when the second site is moved by a 5-base insertion (ins). Because the intrinsic affinity of a single ternary complex for DNA is not altered under the conditions of inversion or insertion, these studies show that the proper spatial arrangement of the two individual binding sites is needed for cooperative dimerization to occur.
We next asked what range of spacer lengths between sites is compatible with cooperative loading of dimeric complexes (Fig.  3D) . The optimal spacing between consensus sites for cooperative dimerization is 16 bp, but cooperative dimerization still can occur on templates with spacers varying from 15 to 19 bp, implying that two NTCs can adjust their positions relative to each other (see below) to accommodate a modest range of spacer lengths between sites. This inferred flexibility is consistent with the different conformations of CSL seen in the crystal structures of the Notch ternary complexes formed with the human and worm proteins (13, 14) and with the enrichment of adenosine and thymidine in the spacer between the paired sites.
To determine whether the assembly of NTCs and their cooperative dimers is general among the human Notch homologues, we tested the ability of the RAMANK domains of Notch1-4 to form complexes on single and sequence-paired sites (Fig. 4) . Despite qualitative differences in mobility on the EMSA, all four purified RAMANK polypeptides bind to CSL independent of MAML-1 and then recruit MAML-1 to ternary complexes on a single site probe. When the longer, paired site probe is provided, all RAMANK polypeptides mediate cooperative dimerization, as predicted from the conservation in primary sequence at the dimerization interface (Fig. 1B) . Thus, a similar series of events takes place to assemble single and dimeric NTCs in all four mammalian Notch homologues.
Discussion
Gene transcription in eukaryotes relies on the combinatorial integration of inputs from different biological signals. Cooperative interactions among transcription factors and their associated proteins on promoter DNA constitutes one mechanism by which signal integration is achieved (28) . The studies reported here elucidate a new mechanistic step in the regulation and assembly of Notch transcription complexes: the cooperative formation of NTC dimers when two CSL-binding sites are arranged in an SPS architecture. Protein-protein interactions that stabilize the dimer include a conserved region on the convex surface of the ANK domain, which is on the opposite face from the surface engaged in interactions with CSL and MAML-1. Additional interactions among ICN, CSL, and MAML-1 may exist in the context of the full-length proteins. Cooperative formation of NTC dimers is seen with all four human Notch proteins, and the evolutionary conservation of both the dimerization interface and the SPS elements suggests that cooperativity between two NTCs on DNA represents a mechanism for modulation of NTC activity that is conserved among a number of metazoan organisms (Fig. 1B) .
Previous studies examining whether isolated ANK domains from various Notch receptors form dimers yielded conflicting results, which now are reconciled by the findings reported here. Two-hybrid studies suggested that the ANK domains of Drosophila Notch and C. elegans GLP-1 are capable of selfassociation (29, 30 ), yet when isolated and purified, Drosophila ANK and the ANK domain from human Notch1 can remain monomeric at concentrations as high as 200 M (31) and 6 M (25) respectively, indicating that any weak intrinsic tendency of the ANK domain to self-associate in isolation readily is suppressed by commonly used solution conditions (probably because the contacts are predominantly electrostatic and the surface area buried in the ANK-ANK interface is only Ϸ500 Å 2 ). When CSL, MAML-1, and ICN all are present in a single complex, contacts with MAML and CSL restrict the conformational space accessible to ANK, positioning it to participate in homotypic interactions. Thus, when two NTCs are oriented properly and adjacent to each other on DNA, the effective concentration of one ANK domain for the second increases dramatically, revealing a capacity for self-association that is not apparent from bulk solution experiments. Indeed, the ANK residues implicated in cooperative dimerization of human Notch1 NTCs form crystal contacts both in the NTCs themselves and in several structures of isolated Notch ANK domains solved independently, consistent with the idea that the context of the crystal lattice may more effectively mimic the constrained environment on DNA than bulk solution. Unmodeled electron density in the crystallized NTC core complex (SI Fig. 7 ) and the proximity of modeled atoms suggest that additional interactions between MAML-1 of one NTC and ANK from the other NTC also contribute to stabilization of dimers and are consistent with the biochemical observation that cooperative dimerization is not seen until after addition of the MAML-1 polypeptide. The conservation of the ANK-ANK interface among the four human Notches also suggests that NTCs may form heterodimers that depend on the promoter context and the cellular concentrations of the various Notch homologues.
Dependence of NTC Dimerization on CSL and DNA Flexibility. Although the optimum distance between CSL sites is 16 bp, all spacer lengths from 15 to 19 bp can support cooperative dimerization of NTCs (Fig. 3D) . The existence of length variation in the intersite distance between individual CSL-binding sites in human and Drosophila SPS elements (SI Fig. 6 ), as well as the range of DNA sequences that can accommodate NTC dimers (Fig. 3D) , implies a requirement for intrinsic flexibility in one or more of the components of the complex.
Some of the flexibility to accommodate different spacer lengths probably comes from CSL itself. CSL, which is related structurally to the Rel-homology family of transcription factors, has three domains, and the linkers connecting the domains may be the source of flexibility. In canonical Rel-family members like nuclear factor of activated T cells 1 (NFAT1), flexibility in the linkers connecting the RHR-N and RHR-C domains enables adaptation to different environments to bind different DNA sequences and cooperate with other factors on DNA (32) (33) (34) . The ability of the C. elegans homolog LAG-1 to undergo a domain shift upon complexation with ICN and MAML (14) substantiates the notion that the worm CSL protein also can adapt to different environments (for example, different spacer lengths between paired sites) by domain movement without losing the ability to bind consensus site DNA, although the divergence of the C. elegans notches (Fig. 1B) also raises the possibility that they may not cooperatively dimerize like the human proteins. Further support for this proposal emerges directly from comparison of the human (13) and C. elegans (14) NTC structures: when the ␤-trefoil domains (BTDs) of the two structures are superimposed, the rest of the protein domains (RHR-N, RHR-C, ANK, and MAML) rotate as a single rigid body around a hinge region between the BTD and RHR-N (35) .
Flexibility also is likely to derive from the DNA that intervenes between the two sites of an SPS. If the DNA were rigid B-form DNA, a change in spacer length of 5 bp would result in a rotation of Ϸ180°around the DNA helix, a change that would be difficult to accommodate even with intrinsic protein f lexibility. Thus, the length and the intrinsic f lexibility of a particular spacer DNA, in addition to the individual affinities of the two CSL-binding sites for CSL, also ought to contribute to the likelihood that a given promoter DNA sequence will recruit an NTC dimer. Dimerization-induced bending or distortion of DNA also could inf luence occupancy of neighboring transcription factor binding sites without requiring direct protein-protein interactions (36) .
Implications for Notch-Dependent Gene Expression. Notchregulated genes known to contain SPS elements in their promoters include basic helix-loop-helix genes from the enhancer-of-split complex in Drosophila, as well as homologous hairy/enhancer-of-split genes in Xenopus, mouse, and humans (20 -23, 37, 38) . The cooperative homodimerization of NTCs at such paired sites provides a molecular mechanism to account for the varying sensitivity of different genes to Notch dose and context (Fig. 5) . The sensitivity of a particular promoter to a given dose of Notch signal may be inf luenced by the affinity of individual binding sites for CSL, the length and intrinsic f lexibility of the spacer DNA at SPS elements, and the availability of neighboring cis-regulatory elements that can cooperate with NTCs. NTC dimers can assemble on promoters with SPS elements according to a cooperative dose-response curve that resembles the genetic switch exhibited by proteins like lambda repressor (39) . Cooperativity in the response to Notch at these promoters thus will ensure tight regulation of transcription, with activated Notch rapidly f lipping the switch from off to on. On the other hand, promoters with only one CSL-binding site or multiple sites without the proper SPS architecture may exhibit a less sensitive and more graded response to the dose of active Notch and instead depend more heavily on cooperativity with other transcription factors (23) . Of note, studies investigating the functional implications of dimerization in a well established mouse model for leukemogenesis show that normal ICN1 induces T cell acute lymphoblastic leukemia (T-ALL) with full penetrance by 12 weeks, whereas ICN1 bearing the R1985A mutation fails to induce leukemia (W.S.P., unpublished observations). Whether dimers exert their activating effect on transcription by increasing promoter occupancy, by generating novel recognition sites for other transcription factors, or by recruiting basal factors more effectively is still an open question, the answer to which may vary depending on the identity of the promoter. The experimental criteria for formation of dimeric NTCs reported here should facilitate identification of the most sensitive direct targets of activated Notch in both normal development and disease pathogenesis. Knowledge of the specific interactions that dictate the assembly and regulation of dimeric NTCs also should enable the identification of small molecules that abrogate Notch activation of target genes containing specific types of promoter response elements.
Experimental Procedures Molecular Graphics. Fig. 1 A and C were prepared with the program PyMOL (DeLano Scientific, Palo Alto, CA). The symmetry related copy of the MAML-1/ANK/CSL/DNA complex in Fig. 1 A was rendered by applying the symexp operation to the coordinates of the complex (PDB ID code 2F8X; ref. 13) and then choosing the copy that approaches to within 5 Å of residue 1985 of the ANK domain of the initial complex.
EMSAs. EMSAs were performed as described in ref. 25 . For expression of RAMANK, residues 1761-2127 of human Notch1, 1701-2103 of human Notch2, 1666-2038 of human Notch3, and 1473-1828 of human Notch4 were built into a modified pGEX-4T1 vector described in ref. 25 . The mutations in the ANK domain of Notch1 were introduced by QuikChange SiteDirected Mutagenesis kit (Stratagene, La Jolla, CA). CSL, RAMANK, ANK, MAML, and RAM polypeptides were purified as described (13, 25) . The oligonucleotides used as probes are shown in SI Reporter Gene Assays. Empty pcDNA3 or pcDNA3 expressing ICN1 with indicated mutations were transiently cotransfected in triplicate into human U2OS cells with (i) firef ly luciferase reporter genes driven by either an element derived from the HES-1 promoter (40) or an artificial element containing four tandem repeats of the CSL-binding site (41) and (ii) an internal Renilla luciferase reporter gene driven by an element derived from the human thymidine kinase promoter. Luciferase assays were performed and analyzed Ϸ48 h posttransfection by using the Promega (Madison, WI) Dual Luciferase Kit. Firef ly luciferase activities were normalized by using internal Renilla luciferase control values and expressed relative to the empty vector control lysate, which was arbitrarily given a mean value of 1. RAM delivers ANK to CSL, while also competing against or displacing corepressors. ANK binds to CSL with weak affinity, but recruitment of MAML-1 locks it in place to form a stable ternary complex (NTC). Interactions between two properly oriented complexes then promote cooperative formation of NTC dimers. The formation of both homodimers and heterodimers of different Notch receptors is postulated, as is the potential for recruitment of additional DNA-binding factor(s) that can cooperate with NTCs to activate transcription.
Immunoprecipitation Assays. 293 cells in six-well dishes were cotransfected with pcDNA3-ICN1 (0.1 g), pEGFP-MAML1 (0.5 g), and pcDNA3-CSL-Myc (1 g) plasmids. Two days posttransfection, cell lysates and immunoprecipitates were prepared with anti-Myc (clone 9E10) antibody as described (42) . Western blots were stained with antibodies against the Myc epitope, GFP (clone JL8; Clontech, Mountain View, CA), and the intracellular domain of Notch1 (42) .
